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111 r e s p o n s e  t o  t h e  prerua ture  f a i l u r e  of Rb lamps used  
i n  Rb a t o m i c  c l o c k s  onboard  Navs t a r  GPS s a t e l l i t e s  The 
Aerospace  C o r p o r a t i o n  h a s  i n i t i a t e d  e x p e r i m e n t a l  and  
t h e o r e t i c a l  i n v e s t i g a t i o n s  i l l t o  t h e i r  f a i l u r e  rnec hanism . Tile 
p r imary  g o a l  of t h e s e  s t u d i e s  i s  t h e  development  of a n  
a c c e l e r a t e d  l i f e  t e s t  f o r  f u t u r e  GPS lamps .  

A t  t h i s  t i m e  t h e  p r imary  f a i l u r e  mechanism h a s  bee11 
i d e n t i f i e d  a s  consumpt ion  of  t h e  l a m p ' s  ICb c h a r g e  v i a  d i r e c t  
i n t e r a c t i o n  between Rb and t h e  l a m p ' s  g l a s s  s u r f a c e .  Ttle 
most  e f f e c t i v e  p a r a m e t e r s  t o  a c c e l e r a t e  t h e  i n t e r a c t i o n  
between t h e  Kb and t h e  g l a s s  a r e  f e l t  t o  be rf e x c i - t a t i o n  
power and  lamp t e m p e r a t u r e .  Di.f f e r e n t i a l  s c a n n i n g  
c a l o r i m e t r y  i s  used  t o  mon i to r  t h e  consumpt ion  of Rb w i t h l n  a 
lanip as a func t i . on  of o p e r a t i o n  t i m e .  This  t e r h n i q u e  h a s  
a l r e a d y  y i e l d e d  b a s e  l i n e  Rb consumpt ion  d a t a  f o r  GPS lamps  
o p e r a t i n g  unde r  normal  c o n d i t i o n s .  

I n  o r d e r  t o  i n s u r e  a c c e l e r a t i o n  methods do n o t  a l t e r  
t h e  mechanism of t h e  Kb-glass i n t e r a c t i o n  d e t a i l e d  s u r f a c e  
s t u d i e s  y i e l d i n g  i n f o r m a t i o n  a b o u t  t h e  mechanism o f  
i n t e r a c t i o n  a r e  i n  p r o g r e s s .  It h a s  been found t h a t  
p e n e t r a t i o n  p r o f i l e s  of Rb i n t o  p y r e x  s u r f a c e s  c a n  be  
a n a l y z e d  i n  t e r m s  of  one -d imens iona l  d i f f u s i o n  mode l s .  
D i f f u s i o n  c o e f f i c i e n t s  may be e x t r a c t e d  v i a  t h e s e  mode l s .  
llie s u r f a c e  s t u d i e s  a l s o  i n d i c a t e  t h a t  Kb e x i s t s  i n  a t  l e a s t  
two forms i n  p y r e x ,  a t h i n  c o l o r e d  s u r f a c e  l a y e r  and t h e  
m a j o r  c o l o r l e s s  p e n e t r a t j - o n  component . F u r t  l ier  e x p c r l m c n t s  
a r e  i n  p r o g r e s s  t o  e x t e n d  t h e s e  r e s u l t s  t o  a wj.de v a r i - e t y  of  
g l a s s e s .  

INTRODUCTION 

Kubidium (Kb) a t o m i c  f r ~ q u c r l c y  s t a r i da rds  a rc  c u r r e n t l y  I n  u s e  
onboa rd  Navs t a r  G l o b a l  Posi.ti.oni.ng Systern ( G P S )  s a t e l l i t e s .  The 
p r e m a t u r e  f a i l u r e  of s e v e r a l  of t h e  s a t e l l i t e - b o r n e  d e v i c e s  h a s  been 
a t t r i b u t e d  t o  t h e  f a i l u r e  of ti le Rb lamps used  f o r  o p t i c a l  pumping i n  
t h e  R b  c l o c k s .  The Aerospace  C o r p o r a t i . o ~ ~  has r e sponded  t o  t h e s e  
e v e n t s  by i n i t i a t i n g  I n v e s t i g a t i o n s  i n t o  R b  lamp f a i l u r e  
mechanisms.  The pr i lnary  g o a l  of t h e s e  s t u d i e s  i s  t o  d e v e l o p  a n  acce -  
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l c r a t e d  l i f e  t e s t  t o  i n s u r e  t h e  r e l i a b i l i t y  of f u t u r e  GPS Rb lamps.  
The t e s t  must be such  t h a t  i t s  a p p l i c a t i o n  f o r  a  r e a s o n a b l e  p e r i o d  of  
t h e  w i l l  i n d i c a t e  t h a t  under normal o p e r a t i n g  c o n d i t i o n s  t h e  Rb lamp 
w i l l  f u n c t i o n  f o r  t h e  r e q u i r e d  GPS ln iss ion l i f e t i m e .  

There a r e  s e v e r a l  s t e p s  invo lved  i n  deve lop ing  such a n  a c c e l e -  
r a t e d  l i f e  t e s t :  

i) I d e n t i f y  t h e  pr imary lamp f a i l u r e  mechanism 

i i )  Determine t h e  f a c t o r s  which a c c e l e r a t e  this mechanism and 
q u a n t i f y  t h e i r  e f f e c t s  

i i i )  I n s u r e  t h a t  t h e  a c c e l e r a t i o n  p rocedure  does  no t  a l t e r  tile 
f a i l u r e  mechanism. 

I n  t h e  body of t h i s  paper  our  r e s u l t s  i n  each  of t h e s e  a r e a s  a r e  
d i s c u s s e d .  

11, FAILURE MECHANISM IDENTIFICATION 

The GPS Rb lamps a r e  of t h e  s t a n d a r d  B e l l ,  Bloom, and Lynch [ I ]  
e l e c t r o d e l e s s  d i s c h a r g e  d e s i g n .  The c u r r e n t  e n v e l o p e s ,  composed of  
Corning 1720 g l a s s ,  a r e  c y l i n d r i c a l ,  approx imate ly  1 cw i n  d iamete r  
and 2 cm i n  l e n g t h .  They c o n t a i n  both r a r e  gas  b u f f e r ,  xenon (Xe) ,  
and a n  e x c e s s  Rb m e t a l  cha rge  which h a s  a c u r r e n t  GPS s p e c i f i c a t i o n  
of from 300 t o  500pg. During o p e r a t i o n ,  t h e  base  of t h e  lamp, which 
i s  i t s  c o l d e s t  point ' ,  i s  the rmos ta ted  t o  t h e  d e s i r e d  t e m p e r a t u r e  t o  
m a i n t a i n  c o n s t a n t  Rb vapor p r e s s u r e s .  

S e v e r a l  p o s s i b l e  f a i l u r e  mechanisms may be proposed.  It can be 
s u g g e s t e d  t h a t  t h e  e l e c t r o n i c a l l y  e x c i t e d  Rb i s  being quenched by 
vapor  phase i m p u r i t i e s  p r i o r  t o  r a d i a t i v e  e m i s s i o n .  lhese i m p u r i t i e s  
r e s u l t  from g l a s s  enve lope  o u t g a s s i n g .  h o t h e r  p o s s i b i l i t y  is  t h a t  
o u t g a s s e d  i m p u r i t i e s ,  f o r  example wa te r  (H20) o r  oxygen ( 0 2 ) ,  r e a c t  
d i r e c t l y  w i t h  a tomic  Rb c o n v e r t i n g  t h e  lamp's  Rb charge  t o  nonvola- 
t i l e  compounds. The consumpt io~ l  of Kb r h a r g e  th rough  e i t h e r  r e a c t i o n  
w i t h  or  d i f f u s i o n  i n t o  t h e  lamp enve lope  is  a l s o  p o s s i b l e .  F i n a l l y ,  
the  a c t u a l  f a i l u r e  p r o c e s s  may be some combinat ion of t h e  above mech- 
anisms.  

A. Quenching of Exc i t ed  Kubidium 

A number of e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  quenchin;,: 
of t h e  e x c i t e d  a tomic  Rb is  not s i g n i f i c a n t .  Emission s p e c t r a  from 
bo th  good and f a i l e d  lamps have been o b t a i n e d  w i t h  a 314 m spec t ro -  
meter  and a n a l y z e d  over  the s p e c t r a l  range from 400 nm t o  800 nm. 
L i t e r a l l y  hundreds  of l i n e s  a r e  a s s i g n e d  t o  e i t h e r  a tomic  t r a n s i t i o n s  



of  X e ,  Rb, o r  t r a c e  amounts  of p o t a s s i u m  and ces ium n o r m a l l y  found as 
i m p u r i t i e s  i n  t h e  R b .  I n  t h e  f a i l e d  lamps o n l y  e ~ n i s s i o n  l i n e s  pre- 
s e n t  i n  good lamps were o b s e r v e d .  No e m i s s i o n  l i n e s  f rom p o s s i b l y  
o u t g a s s e d  i m p u r i t i e s  such  a s  hydrogen ( H ~ ) ,  n i t r o g e n  (N~), o r  O2 were  
d e t e c t e d .  These r e s u l t s  are  c o n s i s t e n t  w i t h  and a b s e n c e  of quench ing  
s p e c i e s .  

C o ~ n p a r i s o n s  of  eml s s i o n  i n t e n s i t i e s  of t h e  Kb 780.0 1un l i n e  and 
t h e  Xe 823  "2 iun l i n e  a s  furlctli.oris of lamp base  Lempera ture  f o r  b o t h  
good and f a i l e d  lamps a r e  shown i n  F i g u r e  1 .  I n  a d d i t i o n ,  t h e  Rb 
vapor  p r e s s u r e  c u r v e  i s  p l o t t e d  on F i g u r e  l a .  A t  low b a s e  temper-  
a t u r e  (<  100°C) Xe e m i s s i o n  i n t e n s i t i e s  a r e  t h e  same f o r  b o t h  good 
and f a i l e d  lamps .  This  i n d i r a t e s  t h a t  t h e  r f  d i s c h a r g e  h a s  n o t  chan- 
ged  due t o  t h e  f a i l u r e  of  t h e  lamp. The most o b v i o u s  d i f f e r e n r e  
between the good and f a i l e d  lamps i s  t h a t  t h e  Rb e m i s s i o n  i n t e n s i t y  
i s  less i n  t h e  f a i l e d  lamp. The magni tude  of  t h e  i n t e n s i t y  r e d u r t i o n  
v a r i e s  among f a i l e d  lamps ,  depend ing  on how f a r  t h e  f a i l u r e  p r o c e s s  
has p roceeded .  I n  F i g u r e  l b  t h e  f a i l e d  l amp ' s  Kb i n t e n s i t y  i s  n e a r l y  
t h r e e  o r d e r s  of magni tude  lower  t h a n  t h a t  of a t y p i c a l  good lamp. 

A r e d u c t i o n  i n  emi.ssion i n t e n s i t y  c o u l d  r e s u l t  f rom quench ing ,  
however,  c a r e f u l  e x a m i n a t i o n  of t l i e se  c u r v e s  shows c o n c l u s i v e l y  t h a t  
quench ing  i s  n o t  significant i n  f a i l e d  l amps .  I f  quench ing  were  the 
o n l y  p r o c e s s  o c c u r r i n g ,  t h e  e n t i r e  Rh e m i s s i o n  v e r s u s  t e m p e r a t u r e  
c u r v e  would be e x p e c t e d  t o  s h i f t  t o  lower  m a g n i t u d e s .  Th i s  i s  n o t  
o b s e r v e d .  While t h e  Rb e m i s s i o n  i n t e n s i t y  of t h e  good lamp i n c r e a s e s  
m o n o t o n i c a l l y  ( f o r  t e m p e r a t u r e s  l e s s  140°C) a s  t h e  lamp base  temper- 
a t u r e  i s  i n c r e a s e d ,  t h e  f a i l e d  lamp d i s p l a y s  n e a r l y  c o n s t a n t  Rb i n -  
t e n s i t y  ove r  t h e  20°C t o  7U°C r a n g e .  This  c o n s t a n t  i n t e n s i t y  p o r t i o n  
of t h e  c u r v e  i m p l i e s  t h e  e x i s t e n c e ,  i n  f a i l e d  l amps ,  of a mechanism 
y i e l d i n g  vapor  phase  Kb w h i c h  i s  e s s e n t i a l l y  t i ln ipera ture  indepen- 
d e n t .  I f  r a t h e r  t h a n  quench ing ,  a reduced vapor  phase  d e n s i t y  c a u s e s  
t h e  d i m i n i s h e d  Kb i n t e n s j - t y  i.11 f a i l e d  l amps ,  t h e  r e l a t i - v e  magni tude  
of Kb r e l e a s e d  by t h e  t en rpc ra tu rc  i n d e p e n d e n t  mechanism would be 
s m a l l  compared to normal  vapor i . za t i . on .  It i s  s p e c u l a t e d  t h a t  t h e  
t e m p e r a t u r e  i n d e p e n d e n t  tnechani.sm may i n v o l v e  r e l e a s e  of  Rb imbedded 
i n  t h e  g l a s s  v i a  a  plasma s p u t t e r i n g  p r o c e s s .  

A t  t e m p e r a t u r e s  where t h e  Rh vapor  d e n s i t y  i s  low enough s o  t h a t  
s e l f - a b s o r p t i o n  i s  n o t  s i g n i f i c a n t  , ( <  1 0 U ° C ) ,  t h e  e m i s s i o n  i n t e n s i t y  
of a good lamp f o l l o w s  t h e  vapor  p r e s s u r e  c u r v c  c l o s e l y .  A s  t h e  
t e m p e r a t u r e ,  T, i n c r e a s e s  ( above  l . O O ° C )  t h e  e m i s s i o n  i n t e r l s i  t y  b e g i n s  
t o  d r o p  below the vapor  p r e s s u r e  c u r v c  due t o  i - n c r e a s i n g  s e l f -  
a b s o r p t i o n .  However, Rh e m i s s i o n  from t h e  f a i l e d  lamp (110"  < 
T< 150") d i s p l a y s  no s l o p e  change due t o  self-absorpt i .011.  S i n c e  
s e l f - a b s o r p t i o n  s h o u l d  n o t  be a f f e c t e d  by quenchj-ng i t  a p p e a r s  t h a t  
t h e  v a p o r  d e n s i t y  of Rb i n  a  f a i l e d  lamp i s  s i g n i f i c a n t l y  lower  t h a n  
i n  a good lamp. A t  a p p r o x i m a t e l y  145°C t h e  e m i s s i o n  i n t e n s i t i e s  on 



F i g u r e  la change d r a m a t i c a l l y .  'h is  happens a s  t h e  plasma changes 
from a mixed mode i n  whirh both  Kb and Xe a r e  e x c i t e d  t o  a Rb o n l y  
mode i n  whirh Kb is  p r i m a r i l y  e x c i t e d .  This mode change i s  found t o  
be dependent on t h e  Rb vapor d e n s i t y .  A t  a s p e c i f i e d  r f  e x c i t a t i o n  
power t h e  plasma w i l l  change t o  a Rb on ly  mode when t h e  Rb vapor 
p r e s s u r e  has  reached a s u f f i c i e n t  l e v e l .  Looking a t  F igure  l b  no 
mode change i s  observed t o  occur .  This i s  a g a i n  c o n s i s t e n t  wi th  a 
reduced Rb vapor d e n s i t y  i n  a f a i l e d  lamp. 

F i n a l l y ,  a p p l y i n g  the i n t e g r a t e d  form of t he  Clausius-Clapeyron 
e q u a t i o n  121 t o  d a t a  of t h e  t y p e  found on Figure  1 a l l o w s  determin- 
a t i o n  of t h e  hear of v a p o r i z a t i o n  of Kb i n  bo th  good and f a i l e d  
lamps. For good lamps t h e  exper imenta l  h e a t  of v a p o r i z a t i o n  i s  found 
t o  be 18.1 f 0.3 k c a l s  per  mole. The r e p o r t e d  v a l u e  f o r  e l e m e n t a l  Kb 
is  18.11 k c a l s  per  mole 1 3 1 .  However, f o r  f a i l e d  lamps t h e  h e a t  of 
v a p o r i z a t i o n  i s  found t o  bc 23.9 & 0.2 kca ls  pe r  mole. This i m p l i e s  
t h a t  a l i q u i d  r e s e r v o i r  of Rb is  not  p r e s e n t  i n  t h e  f a i l e d  lamp. 
Quenching, i f  i t  o c c u r r e d ,  would no t  a f f e c t  t h e  h e a t  of vapor iza-  
t i o n .  Consequently,  lamp f a i l u r e  r e s u l t s  from a l a c k  of Rb r a t h e r  
t h a n  i t s  quenching.  

B .  Rubidium Reac t ion  with I m p u r i t i e s  

The second p o s t u l a t e d  mechanism f o r  t h e  f a i l u r e  of Rb 
lamps i n  t h e  GPS Rb f requency s t a n d a r d  i s  t h e  l o s s  of Rb by r e a c t i o n  
w i t h  s p e c i e s  ou tgasscd  froln t h e  g l a s s  envelope t o  form nonvolati1.e 
rubidium ox ide  ( ~ b ~ 0 )  . The most l i k e l y  r e a c t i o n s  a r e ,  

2Kb f H 2 0  + Kb20 f H2 and (1) 

Experiments which t e s t e d  f o r  t h e  p resence  of H2 i n  f a i l e d  lamps prove 
t h a t  r e a c t i o n  w i t h  H20 i s  no t  s i g n i f i c a n t  . Kf-induced emiss ion  
s p e c t r a  from a s e r i e s  of s t a n d a r d  lamps c o n t a i n i n g  H2 and Xe were 
ana lyzed  t o  o b t a i n  a d e t e c t i o n  l i m i t  of H2 i n  t h e  p resence  of t h e  X e  
b u f f e r ,  Comparison of t h e s e  s p e c t r a  wi th  t h o s e  of f a i l e d  lamps i n d i -  
c a t e s  t h a t  t h e  p r e s s u r e  of H2 i n  a f a i l e d  lamp i s  l e s s  t h a n  1 t o r r .  
A subsequent  removal of t h e  evolved H2 through e i t h e r  fo rmat ion  of 
rubidium h y d r i d e ,  KbH, o r  permeation through t h e  g l a s s  envelope has  
been r u l e d  o u t .  KbH i s  known t o  p h o t o d i s s o c i a t e  when exposed t o  UV 
r a d i a t i o n  [ 4 ] ,  such a s  found i n  abundance w i t h i n  t h e  lamp due t o  
numerous X e  t r a n s i t i o n s .  The permeation v e l o c i t y  c o n s t a n t  f o r  H2 [!i, 
61 i s  t o o  low t o  a l l o w  f o r  a s i g n i f i c a n t  l o s s  of H2 th rough  t h e  
g l a s s .  Thus l e s s  t h a n  10pg of rubidium could be consumed by t h e  
p o s t u l a t e d  mechanism. 



Ttle f a c t  t h a t  t h e  amount of w a t e r  d e s o r b e d  f rom t h e  g l a s s  enve- 
l o p e  does  n o t  consume a s i g n i f i c a n t  amount of Rb has  a  b e a r i n g  on  t h e  
i m p o r t a n c e  of r e a c t i o n  2 .  Todd 1 7 1  s t a t e s  t h a t  t h e  g a s  e v o l v e d  f rom 
g l a s s e s  of t e m p e r a t u r e s  below t h e i r  s o f t e n i n g  p o i n t s  i s  p r i m a r i l y  
water. Todd ' s  s t u d i e s  c o v e r e d  a wide r a n g e  of  g l a s s e s  i n c l u d i n g  
Corn ing  1720.  H i s  r e s u l t s  a r e  a l s o  c o n s i s t e n t  w i t t i  d a t a  p r e s e n t e d  by  
Dush~nan [81 which  i n d i c a t e  H20 o u t g a s s i n g  i s  g r e a t e r  t h a n  t h a t  of 
(I2. A q u e s t i o n  a r i s e s  whe the r  O2 o u t g a s s i ~ l g  might be p r e f e r e n t i a l l y  
a c c e l e r a t e d  by t h e  r f  d i s c h a r g e  p r e s e n t  i.n t h e  lamp. S t u d k e s  of 
e l e c t r o n  bombardment of g l a s s  s i i r f a c e s  i n d i c a t e  t h i s  bombardment c a n  
r e l e a s e  O2 [ Y ,  101 . However, keV e l e c t r o n s  were r e q u i r e d  t o  i n d u c e  
s i g n i f i c a n t  o u t g a s s i n g .  From s p e c t r o s c o p i c  measurelnents  t h e  a v e r a g e  
k i n e t i c  e n e r g y  of t h e  e l e c t r o n s  i n  t h e  GPS lamp d i s c f i a r g e  i s  estimat- 
ed t o  be l e s s  t h a n  1 eV. I n  l i g h t  of t h i s  i n f o r m a t i o n  i t  i s  s t r o n g l y  
b e l i e v e d  t h a t  i n s u f f i c i e n t  O2 i s  r e l e a s e d  by t h e  lamp e l ive lope  t o  
consume any  s i g n i f i c a n t  amount of Rb. 

C .  I n t e r a c t i o n  of Kubidium w i t h  Glass 

I t  h a s  l o n g  bccn  r e p o r t e d  i n  t h e  l i t c r a t i ~ r e  t h a t  a l k a l i  
v a p o r s  r e a c t  d i r e c t l y  w i t h  g l a s s  surf a c e s  [11-131 . G l a s s e s  exposed  
t o  a l k a l i  v a p o r s  a r e  known t o  d i s c o l o r  a s  t h e  i n t e r a c t i o n  p r o c e s s e s  
p r o c e e d .  F a i l e d  GPS lamps d i s p l a y  t h i s  d i s c o l o r a t i o n  i m p l y i n g  r e a c -  
t i o n  of Kb w i t h  t h e  g l a s s  e n v e l o p e .  In l i g h t  of t h i s ,  s u r f a c e  a n a l y -  
s is  t e c h n i q u e s  have  been a p p l i e d  t o  lamp e n v e l o p e s .  l l ley i n d i c a t e  
t h a t  Kb p e n e t r a t e s  many ~ r i i c r o m c t e r s  i n t o  t h e  g l a s s .  011 t h e  vapor-  
exposed  s u r f a c e  t h e  Kb's c h e m i c a l  form i s  found t o  be  s i m i l a r  t o  t h a t  
o f  an o x i d e  o r  s i l i c a t e ,  a g a i n  i m p l y i n g  r e a c t i o n  wit11 t h e  g l a s s .  Ln 
l i g h t  of t h e s e  r e s u l t s ,  i t  i s  b e l i e v e d  t h a t  t h e  p r i m a r y  f a i l u r e  mech- 
a n i s m  i n  GPS lamps i s  t he  consumpt ion  of Kb v i a  i t s  d i r e c t  i n t e r a c -  
t i o n  w i t h  t h e  l a m p ' s  g l a s s  e n v c l u p e .  The mechanisms of t h i s  i n t e r a c -  
t i o n  a r e  d i s c u s s e d  i n  t e rms  of t h e  s u r f a c e  a n a l y s i s  s t u d i e s  i n  Sec- 
t i o n  I V .  

I I L .  ACCELEKATlON PXIWIE'L'EKS A?JE ( ~ L l d K T l F I C A T I ~ N  OF KUB1L)LUH CONSUMP- 
TION 

With t h e  i d e n t i f  i c a t i o n  of t h e  p r i m a r y  f a i l u r e  mechanism 
i t  i s  p o s s i b l e  t o  s u g g e s t  p a r a m e t e r s  t o  a c c e l e r a t e  t h e  mechanism. 

i Two s u c h  p a r a m e t e r s  under  c u r r e n t  i n v e s r i g a t i o n  a r e  lamp t e r l i pe ra tu re  
I and r f  e x c i t a t i o n  power. Whether t h e  i n t e r a c t i o n  i s  a  s i ~ n p l e  r e a r -  

I 
t i o n  wt~ose rate i s  dependen t  on a r a t e  c o n s t a n t ,  k ,  or  a  inore compli-  

I cated p r o c e s s  i n v o l v i n g  d i f f u s i o n  e f f e c t s  ( : I - la rac te r ized  by a d i f f u -  

I s i o n  c o e f f i c i e n t ,  U, t h e  t e m p e r a t u r e  would  be c x p e c t e d  t o  p l a y  a n  

I 
i m p o r t a n t  r o l e .  



I n  t h e  s i m p l e s t  approxi inat ion,  r a t e  c o n s t a n t s ,  i n  g e n e r a l ,  
obey t h e  f o l l o w i n g  p r o p o r t i o n a l i t y ,  

k a exp ( -AE/RT)  ( 3 )  
where AE is  t h e  a c t i v a t i o n  energy f o r  t h e  r e a r t i o n  of i n t e r e s t ,  K is  
t h e  g a s  c o n s t a n t ,  and T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  Over l i m i t e d  
t e m p e r a t u r e  r a n g e s  ( s e v e r a l  hundred O C )  d i f f u s i o n  c o e f f i c i e n t s  have 
been found t o  obey a  s i m i l a r  p r o p o r t i o n a l i t y ,  

D a exp (-()/KT) ( 4 )  

where i s  a n  e f f e c t i v e  a c t i v a t i o n  energy f o r  t h e  d i f f u s i o n  
p r o c e s s .  For bo th  k and D,  i n c r e a s i n g  t empera tu re  i n c r e a s e s  t h e i r  
magni tudes  and due t o  t h e i r  e x p o n e n t i a l  r e l a t i o n  t o  t empera tu re  t h i  s 
i n c r e a s e  may be r a p i d .  An i n c r e a s e  i n  t e m p e r a t u r e  may i n c r e a s e  t h e  
i n t e r a c t i o n  between Kb and g l a s s  i n  a n  a d d i t i o n a l  manner. A h i g h e r  
r e s e r v o i r  t empera tu re  w i l l  c a u s e  a h i g h e r  Kb vapor d e n s i t y  r e s u l t i n g  
i n  t h e  more r a p i d  consumption of Iib v i a  e i t h e r  a r e a c t i v e  o r  d i f f u -  
sive mechanism. 

To a i d  i n  u n d e r s t a n d i n g  t h e  e f f e c t s  of r f  e x c i t a t i o n  power and 
t h e  plasma i t s e l f  on t h e  i n t e r a c t i o n s  of Kb vapor wi th  t h e  lamp enve- 
l o p e  t h e o r e t i c a l  modeling of t h e  plasma has  been c a r r i e d  o u t .  This  
model assumes e l e c t r o n  p r o d u c t i o n  t a k e s  p l a c e  i n  t h e  lamp plasma by 
e l e c t r o n  impact w i t h  Rb atoms. E l e c t r o n  l o s s  i s  assumed t o  occur  v i a  
ambipolar  d i f f u s i o n  t o  t h e  w a l l  and subsequent  r ecombina t ion  of e l e c -  
t r o n s  and i o n s .  wi th '  t h e s e  assumpt ions  r a t e  e q u a t i o n s  f o r  the p0pu.L- 
a t i o n s  of t h e  a tomic  and i o n i c  Rb s p e c i e s  may be s e t  up. S o l u t i o n  of 
t h o s e  e q u a t i o n s  i n  a c y l i n d r i c a l  geometry y i e l d s  a tomic  Kb and e l e c -  
t r o n  d e n s i t i e s  as a f u n c t i o n  of r a d i a l  p o s i t i o n .  'Ihe s a l i e n t  r e s u l t s  
of t h e s e  c a l c u l a t i o n s  are shown i n  F igure  2 [ 1 4 ] .  

I n  F igure  2a and b t h e  l e f t -hand  o r d i n a t e  d e s c r i b e s  t h e  e l e c -  
t r o n  d e n s i t y  whi le  t h e  r igh t -hand  o r d i n a t e  g i v e s  t h e  Rb d e n s i t y .  The 
g l a s s  w a l l  o c c u r s  a t  r = 4 mm. I n  t h e  absence of t h e  Rb d i s c h a r g e  
t h e  d i s t r i b u t i o n  of Rb atorns i s  g i v e n  by t h e  dashed l i n e s .  I n  F i g u r e  
2a, f o r  0.3 W/cm rf power t h e  c a l c u l a t i o n  y i e l d s  a Rb atom d e n s i t y  a t  
t h e  wall of approx imate ly  3.5 x l o i 4  a t o m s / c c .  This i s  3.5 t i m e s  t h e  
nonplasina d e n s i t y  of 1  x 1014 a toms /cc .  The r e s u l t s  f o r  a n  r f  e x c i t -  
a t i o n  power of 3 W/cm a r e  shown i n  F igure  2b.  I n  t h i s  c a s e  t h e  pre- 
sence of t h e  plasma i n c r e a s e s  t h e  wall  Rb atom d e n s i t y  by more t h a n  a  
f a c t o r  of n i n e  over  t h e  nonplasma d e n s i t y .  It is  s e e n  t h a t  wi th  
i n c r e a s i n g  rf power i n t o  t h e  plasma t h e  c o n c e n t r a t i o n  of Rb a t  t h e  
lamp w a l l  a l s o  i n c r e a s e s .  This  h i g h e r  d e n s i t y  w i l l  a c c e l e r a t e  t h e  
consumption of Kb whether t h e  i n t e r a c t i o n  mechanism i s  r e a c t i o n ,  
d i f f u s i o n  o r  a  combinat ion of bo th .  



B .  E x v e r i m e n t a l  D e t e r m i n a t i o n  of  Rubidium Consutnution 

It i s  e x p e c t e d  t h a t  b o t h  t e m p e r a t u r e  and r f  power w i l l  be 
u s e f u l  i n  a c c e l e r a t i n g  t h e  i n t e r a r t i o n  of llb w i t h  the g l a s s  enve- 
l o p e .  To e s t a b l i s h  t h e s e  a r t : e l e r a t i o n  e f f e r t s  t h e  b a s c l i n c  Kb (:on- 
sumpti011 r a t e  f o r  GPS larnps o p e r a t i n g ,  i n  ilornlal e n v i r o n m e n t s  must b c  
d e t e r m i n e d .  However, i n  o r d e r  t o  o b t a i n  t h i s  r a t e  i t  i s  f i r s t  n e r e s -  
s a r y  t o  d e v e l o p  a t e c h n i q u e  t o  mon i to r  Rb consumpt ion  w i t h i n  a l amp .  

In t h e  c u r r e n t  e x p e r i r n e ~ l t s  ~ h c  t e c h n i q u e  of d i f f e r e n t i a l  scann- 
i n g  c a l o r i m e t r y  ( O S C )  has  been used  t o  d e t e r m i n e  t h e  amount of Kb 
r :onta lncd  w i t h i n  GPS lamps.  Th is  t e c h n i q u e  t o  measu re  t h e  Rb c o n t e n t  
i l l  a lamp was f i r s t  p roposed  by worke r s  a t  EG & G,  I n c .  1151. I n  
U S C ,  s ample  and  r e f e r e n c e  o b j e c t s  a r e  bo th  h e a t e d  s u c h  t h a t  t h e i r  
t e m p e r a t u r e s  i n c r e a s e  a t  t h e  same r a t e .  l l c a t i n g  r a t e s  a r e  measured  
i n  "C/min. The i n s t r u i n e l ~ t  measu re s  t h e  h e a t  f l o w ,  i n  c a l o r i e s  p e r  
m i n u t e ,  r e q u i r e d  t o  m a i n t a i n  t h i s  h e a t i n g  r a t e  f o r  b o t h  s ample  a n d  
r e f e r e n c e .  Tile d i f f e r e n c e  betlwecn t h e s e  two h e a t  f l o w s  i s  t h c  in-  
s t r u m e n t  o u t p u t ,  which i s  t y p i c a l l y  p l o t t e d  v e r s u s  t i m e .  

The sample  o b j e c t  i s  a GPS lamp w h i l e  ti le r e f e r e n c e  i s  a  GPS 
lamp e n v e l o p e  c o n t a i n i n g  no R h .  When t h c  m e l t i n g  p o i n t  of Rb 
( 3 8 . g ° C )  i s  r e a c h e d ,  t h e  e x c e s s  h e a t  r e q u i r e d  t o  m e l t  t h e  Rb c o n t a i n -  
ed i n  t h e  sample  l a ~ n p  a p p e a r s  a s  a peak 011 t h e  h e a t  d i f f e r e n c e  v e r s u s  
t e m p e r a t u r e  p l o t .  The a r e a  of t h i s  peak c a n  be  e q u a t e d  t o  t h e  h e a t  
r e q u i r e d  t o  m e l t  the  Kb and d i v i s i o n  of t h i s  keac  by R b ' s  h e a t  o f  
f u s i o n ,  6.14 c a l l g r a m ,  yields t h e  l a m p ' s  Kb c o n t e n t .  F i g u r e  3 i s  a 
t y p i c a l  DSC c u r v e  f o r  a Kb lamp. Rb c o n t e n t  i s  t y p i c a l l y  d e t e r m i n e d  
t o  + 10Z a t  100 ug and f 502 a t  10 pg. 

Tlle USC t e r i ~ n i q u e  h a s  bee11 a p p l i e d  t o  GPS lamps o p e r a t i n g  i n  
b o t h  vacuum and nori:iaI a t inospl lcrkc p r e s s u r e  unde r  s t a n d a r d  teniper- 
a t u r e  and r f  power c o r l d i t i o n s .  ho s i g n i f i c a n t  d i f f e r e n c e  i n  r a t e  o f  
Rb c o r ~ s u n p t i o n  between vacutlm and a t l i ~ o s p l i c r i c  o p e r a t i o r 1  has y c t  been 
o b s e r v e d .  Co~ l seque r l t l y  i n  F i g u r e  4, consumpt ion  d a t a  a s  a  f u n c t i o t l  
o f  r u n n i n g  t ime  f o r  lamps o p e r a t i n g  i n  b o t h  ~ n v i r o r ~ ~ ~ i e r l t s  llavc been 
combined.  

111 F i g u r e  4 ,  t h e  d a t a  s p a n  o p e r a t i n g  tirries from s e v e r a l  tluridred 
h o u r s  t o  5,000 h o u r s .  The ainourlt of Kb consumpt ion  can  bc f i t  t o  a  
power r e l a t i o n  of t l lc  fo rm,  

where  t is  Llle o p e r a t i o n  t i ine ~ I I  h o u r s  and ?IRh i s  t h e  aniourlt of  Rb 
consulned i n  mic rog rams .  



C u r r e n t l y ,  Rb consumption is  being moni tored f o r  lamps under 
normal c o n d i t i o n s ,  e l e v a t e d  t e m p e r a t u r e s ,  and h i g h  r f  powers t o  as-  
r e r t a i n  whether a c c e l e r a t e d  r o n s u ~ n p t i o n  can  indeed  be induced .  A t  
t h i s  p o i n t  t h e  r e s u l t  of t h e s e  s t u d i e s  a r e  s t i l l  p r e l i m i n a r y  and w i l l  
n o t  be d i s c u s s e d .  

I V  . MECHANISMS OF THE ICUBIDIUM-GLASS INTEKACTION 

A .  R e s u l t s  of P r e v i o u s  I n v e s t i e a t i o n s  

A s  Rb lamps a r e  s u b j e c t e d  t o  a  wider  v a r i e t y  of o p e r a t i n g  
c o n d i t i o n s  i n  a n  a t t e m p t  t o  a c r e l e r a t e  t h e  Kb-glass i n t e r a c t i o n ,  c a r e  
[nust be t a k e n  t o  i n s u r e  t h e  i n t e r a c t i o n  merhanis~n o c c u r r i n g  under 
normal o p e r a t i n g  renditions i s  no t  a l t e r e d .  To accomplish  t h i s  a  
d e t a i l e d  knowledge of t h i s  merhanisn  must be o b t a i n e d .  P r i o r  t o  our  
i n v e s t i g a t i o n s  v e r y  l i t t l e  work had been aimed a t  u n d e r s t a n d i n g  t h e  
Rb-glass i n t e r a c t i o n .  The m a j o r i t y  of a l k a l i - g l a s s  s t u d i e s  have 
f o r u s e d  on t h e  sodium (Na) -g lass  i n t e r a c t i o n  which o c c u r r s  much more 
r a p i d l y  t h a n  Rb-glass p r o c e s s e s .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a 
major r a t i o n a l e  of t h e  p r i o r  i n v e s t i g a t i o n s  has bee11 t h e  p o s s i b l e  
improvement of a l k a l i  vapor  lamps.  However, v i r t u a l l y  none of t h e  
p r e v i o u s  s t u d i e s  has  been conducted wi th  a n  e l e c t r i c a l  d i s c h a r g e  
p r e s e n t .  

I n  t h e  c a s e  of Na, t h e  conrensus  i s  t h a t  no s i n g l e  inerhanism 
e x p l a i n s  i t s  i n t e r a c t i o n  w i t h  g l a s s  [16-181. T y p i c a l l y ,  one of two 
e f f e c t s  i s  obse rved .  The f i r s t  e f f e c t  o f t e n  o c c u r s  i n  g l a s s e s  w i t h  
h i g h  S i 0 2  c o n t e n t .  Exposure t o  k r e s u l t s  i n  t h e  f o r m a t i o n  of a  
brown c r y s t a l l i n e  l a y e r  c o n t a i n i n g  n e a r l y  202 Na by weight  [ 1 6 ] .  The 
edge of t h i s  l a y e r  i s  found t o  advance i n t o  t h e  g l a s s  a t  a  ra te  pro- 
p o r t i o l l a l  t o  t h e  s q u a r e  r o o t  of t h e  t i m e  of exposure  [16] ,  which i s  
c o n s i s t e n t  w i t h  a Na-glass r e a c t i o n  l i m i t e d  by a d i f f u s i o n - c o n t r o l l e d  
s t e p  [1!+20]. E lya rd  and Kawson [ 1 2 ]  have sugges ted  s e v e r a l  reac- 
t i o n s  which a r e  thermodynamical ly  favored  r e s u l t i n g  i n  a v a r i e t y  of  
sodium s i l i c a t e s .  Using x-ray d i f f r a c t i o n ,  Brirlker and K l e i n  [ 1 6 ]  
have shown t h e  c r y s t a l l i n e  phase was s o d i m  m e t a s i l i c a t e  ( N ~ ~ s ~ o ~ )  
Consequent ly ,  t h e y  suggest: t h a t  t h e  most p robab le  of E lya rd  and 
13awson1s proposed r e a c  t io r l s  i s  t h e  f o l l o w i n g ,  

The second e f f e c t  , t y p i c a l l y  observed i n  g l a s s e s  c o n t a i n i n g  
l e s s  t h a n  702 (male )  S i 0 2  [ 1 6 ] ,  is c h a r a c t e r i z e d  by a brownish d i s -  
c o l o r a t i o n  of t h e  g l a s s .  The d i s c o l o r e d  g l a s s  has  a p p a r e n t l y  n o t  
undergone any d e v i t r i f i c a t i o n  and t h e  c r y s t a l l i n e  m a t e r i a l  obse rved  
i n  t h e  f i r s t  e f f e c t  i s  no t  p r e s e n t .  ?he d i s c o l o r a t i o n  is  d e s c r i b e d  



as  a d v a n c i n g  i n t o  the g l a s s  w i t h  a s h a r p  boundary  [ 1 6 ] .  T h i s  bound- 
a r y  h a s  a l s o  been o b s e r v e d  t o  advance  i n t o  t h e  g l a s s  a t  a r a t e  pro- 
p o r t i o r r a l  t o  t h e  s q u a r e  r o o t  of Lime, a g a i n  i n d i c a t i n g  a d i f f u s i o r l -  
s o t l t r o l l c d  p r o c e s s .  B r i ~ l k e r  and  K l e i n  [16 ]  b e l i e v e  t h a t  t h i s  p r o c e s s  
i s  t h e  r e s u l t  of a t a ~ l i i c  P.b d i f f u s i n g  i n t o  t h e  g l a s s .  

What i n fo rma t i . on  may be drawn fro111 t h c  p r e v i o u s  s t u d i e s  of t h e  
Na-glass  i n t e r a c  t i u ~ l s  anti a p p l i e d  t o  Kb' s i n t e r a c t i o n s  w i t h  Corn ing  
1720? Corning  1720 i s  a c a l c i u m  a l u i n i n o s i l i c a t e  g l a s s  [211 c o n t a i n -  
i n g  l e s s  t h a n  70X (mole)  Si02. While  t h i s  seems t o  i u p l y  t h e  s econd  
e f f e c t  would be most l i k e l y ,  c a r e  must be e x e r c i s e d .  Corning  1720 
a l s o  c o n t a i n s  aluminum and boron  o x i d e s  (Al O and  b2U3). The prc-  
s e n c e  of t h e s e  m o d i f i e r s  c a n  s i g n i f i c a n t l y  :ff3ect how a g l a s s  r c a r t s  
when exposed  t o  Na and most l i k e l y  t o  Kb. F u r t h e r ,  t h e  p a r a m e t e r s  of 
g r e a t e s t  i n t e r e s t ,  t h e  r a t e s  of Kh consumpt ion ,  a r e  n o t  o b t a i n a b l e  
f rom tllc p r e v i o u s  Na s t u d i e s .  ( ; onsequen t ly ,  i n v e s t i g a t i o r l s  s p e c i f i c -  
a l l y  aimed a t  understanding Itb-glass  i n t e r a c t i o r l s  a r c  r e q u i r e d .  

B. C u r r e n t  S u r f a c e  fhlrlalysis S t u d i e s  

l n  F i g u r e  5,  a  " typ i c : a lN  Na p e n e t r a t i o n  p r o f i l e  i s  coinpar- 
ed t o  a  Rb p e n e t r a t i o n  p r o f i l e  r e p r e s e n t a t i v e  of t h o s e  c u r r e n t l y  
b e i n g  a n a l y z e d .  Na-glass  s t u d i e s  g e n e r a l l y  immersed g l a s s  s a m p l e s  i n  
l i q u i d  Na a t  e l e v a t e d  t e m p e r a t u r e s .  il p r o f i l e  sirnilar t o  F i g u r e  5a 
r e s u l t s  when a g l a s s  sa:nple i s  p l a c e d  i n  400°C Na f o r  a b o u t  100 
h o u r s .  Due t o  t h e  r a p i d i t y  of i t s  p r o g r e s s  i n t o  t h e  g l a s s ,  t h e  Na 
p r o f i l e  c a n  be fol1ow;ld u s i n g  a b s o r p t i o n  s p e c t r o s c o p y ,  m a g n i f i e d  
examination of a  g l a s s  c r o s s  sec: t i o n ,  or wet c.hemira1. e t r l i i ~ l g  t e c h n i -  
clues. The ra te  of progress of t h i s  p e n e t r a t i o r l  f r o n t  y i e l d s  t h e  & 
d i f f u s i o n  c o e f f i c i e n t .  Ln c o n t r a s t ,  ttlc r e a c t i o n  of Rh w i t 1 1  g l a s s  
undc r  t h e  co r td i t  i o n s  of cu r r e r l  t i nLc rc s  t i s  o r d e r s  of magni tude  slow- 
e r  t h a n  t h a t  of :;a. Exposure  of g l a s s  t o  Kb v a p o r ,  wliose d e n s i t y  i s  
s p e c i f i e d  by t h c  Rb vapor  p r e s s u r e  a t  t en lpe ra t r l r e s  n e a r  20U°C, f o r  
s e v e r a l  t housand  h o u r s  w i l l  y i e l d  a Rb p r o f i l e  s i m i l a r  t o  t h a t  i t 1  

F i g u r e  5b.  I n  t h i s  r a s e  i t  i s  n e c e s s a r y  t o  a n a l y z e  t h e  f u n c t i o n a l  
form of t h e  p r o f i l e  r a t h e r  tl ian t h e  p e n e t r a t i o n  dept l l  to d e t e r i n i n e  
the d i f f u s i o n  c o e f f i c i e n t ,  

1 . Seconda ry  1011 niss S p e r t r o i a c t r y  ( S I > I S )  S t u d i e s  

To o b t a i r l  t i le h i g h l y  a c c u r a t e  p e n e t r a t i o n  p r o f i l e s  needed  
t o  a n a l y z e  Rb permeation of g l a s s  t h e  t cc l l n ique  of SlMS has  been  
a p p l i e d  t o  c r o s s - s e c t i o n a l  p i e v e s  of Rb-exposed lanip w a l l s .  I n  t h e  
SIClS t e c h n i q u e  a 1.5 urn diarr leter  beam of oxygcn i ons  is ainled a t  tklc 
sample .  Seconda ry  i o n s  sputtered from t h e  s u r f a c e  a r e  mass s p e c t r o -  
m e t r i c a l l y  a n a l y z e d  a l l o w i n g  d e t e r m i n a t i o n  of e l e ~ n e r l t a l  composi- 
r i o n .  Our i n i t i a l  t e s t s  were per formed or1 Rb lamp w i t h  pyrex enve- 
l o p e s  urider plasma arid n o n p l a s n a  r : o n d i t i o n s .  Ln b o t h  r a s e s  l a ~ ~ i p s  



were the r tnos ta ted  i n  o i l  ba ths  t o  m a i n t a i n  c o n s t a n t  vapor 
p r e s s u r e s .  Pyrex was s e l e c t e d  f o r  t h o s e  s t u d i e s  because  i t  is  known 
t o  react w i t h  a l k a l i  vapors.  

F i g u r e  6 shows t h e  raw SINS p r o f i l e s  of s i l i c o n  ( S i )  and Kb f o r  
a  lamp exposed t o  a plasma d i s c h a r g e .  Zero ~ n i c r o m e t e r s  i s  t h e  i n n e r  
s u r f a c e  of t h e  lamp w a l l .  The g r a d u a l  i n c r e a s e  of S i  and Rb concen- 
t r a t i o n s  near  z e r o  is  due t o  t h e  f i n i t e  width  of t h e  SIPIS beam. 
T r e a t i n g  t h e s e  d a t a  a s  s imple  one-dimensional  d i f f u s i o n  a l l o w s  f i t t -  
i n g  them t o  t h e  form [20 ]  

C(X, t> = e r f c  
X 

0 
1 

J i ; - T i  
where X i s  t h e  p e n e t r a t i o n  d e p t h ,  t i s  t h e  exposure  t ime ,  Co i s  R b  
c o n c e n t r a t i o n  a t  t h e  w a l l ,  and D t h e  d i f f u s i o n  c o e f f i c i e n t  r e s u l t i n g  
from t h e  f i t t i n g  p r o c e s s .  

Exper imenta l  Kb d a t a  a l o n g  w i t h  f i t  c u r v e s  f o r  pyrex lamps w i t h  
and wi thout  plasma p r e s e n t  a r e  g i v e n  i n  F igure  7. I n  both  c a s e s  t h e  
d i f f u s i o n  c o e f f i c i e n t  i s  approx imate ly  3 x  cm2/sec.  This i s  i n  
good agreement wi th  h igh  t empera tu re  d i f f u s i o n  c o e f f i c i e n t  d a t a  [ 2  21 
e x t r a p o l a t e d  i n t o  t h e  low tempera tu re  regime (abou t  1 4 0 ' ~ )  . 

The S1MS Kb p e n e t r a t i o n  p r o f i l e s  i n d i c a t e  t h a t  Kb h a s  p e n e t r a t -  
ed many micrometers  i n t o  t h e  g l a s s .  This is  p a r t i r u l a r l y  c l e a r  i n  
F igure  7b whose sample was exposed t o  Rb vapor  f o r  a  l o n g e r  p e r i o d  of 
t i m e  t h a n  t h a t  of k'igure 7a.  The d e p t h  of Rb p e n e t r a t i o n  cannot  be 
a t t r i b u t e d  t o  a  smear ing of t h e  t r u e  p r o f i l e  r e s u l t i n g  from t h e  
f i n i t e  width of SIMS i o n  beam. This beam, which i s  on ly  approxinl- 
a t e l y  1.5 micrometers  i n  d i a m e t e r ,  would smear a s u r f a c e  l a y e r  t o  a  
d e p t h  of a t  most 2 mnicrorneters. I n  f a r t ,  i n  F igure  7b t h e  amount of 
Rb whirh has  d i f f u s e d  beyond 2 micrometers  i s  g r e a t e r  t h a n  t h e  amount 
found i n  t h i s  s u r f a r e  r e g i o n .  

A n a l y s i s  of t h e  SLMS d a t a  y i e l d s  s u p p o r t  f o r  t h e  t h e o r e t i c a l  
plasma model. Using o n l y  vapor p r e s s u r e / t e m p e r a t u r e  c o n s i d e r a t i o n s  
r e s u l t s  i n  a  r a t i o  of t h e  vapor  d e n s i t y  a t  t h e  g l a s  s u r f a c e  w i t h  
plasma p r e s e n t ,  

p"; 
t o  t h e  vapor d e n s i t y  a t  t h e  g l a s s  s u r f a c e  f o r  t h e  

nonplasma sample ,  
np ' e q u a l  t o  approx imate ly  0.1. However, i f  t h e  

p lasma model i s  c o r r e c t ,  t h e  vapor d e n s i t y  a t  t h e  g lass  s u r f a c e  i n  
t h e  plasma r a s e  shou ld  be h igher  t h a n  expec ted  from vapor  p r e s s u r e  
c o n s i d e r a t i o n s .  This cou ld  r e s u l t  i n  a  l a r g e r  P / P  v a l u e .  In te -  
g r a t i n g  t h e  SIMS c u r v e s  a l l o w s  d e t e r m i n a t i o n  of !hen!otal amount of 
Rb which has  p e n e t r a t e d  t h e  g l a s s .  Combining t h e s e  amounts wi th  t h e  
e x t r a c t e d  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  known exposure  t i m e s ,  and the 
one-dimensional  d i f f u s i o n  model a l l o w s  r a l c u l a t i o n  of t h e  r e l a t i v e  
vapor  d e n s i t i e s  exposed t o  t h e  g l a s s  s u r f a c e s  wi th  and wi thou t  plasma 



p r e s e n t .  The e x p e r i m e n t a l  P /P r a t i o  i s  found t o  be a p p r o x i m a t e l y  
P 

I .  The f a c t  t h a t  t h i s  r a t l o  ?; l a r g e r  t h a n  woold be p r e d i c t e d  by 
o n l y  vapor  p r e s s u r e / t e m p e r a t u r c  c o n s i d e r a t i o n s  i s  c o n s i s t e n t  w i t h  t h e  
plasma rnodel p r e d i c t i o n s .  

2 .  K l e r t r o n  S p e r t r o s c u p y  f o r  Chcmica l  A n a l y s i s  (ESCA)  Exper i -  
ments  

The chemi.ca.1 form of Che lib w i t h i n  tile g l a s s  has  been 
i n v e s t i g a t e d  u s i n g  ESCA.  I n  t h i s  ruetkod t h e  s u r f a c e  of t h e  s ample  i s  
exposed  t o  monochromatic  X-rays and t h e  p t ~ o t o e j e c t e d  c l c c t r o r l s  are .  
e n e r g y  ar la lyzed  . Tl~e r e s u l t i n g  c:orc eler: t r o n  b i n d i n g  ( i o n i z a t i o n )  
e n e r g i e s  a r e  c : l la rac : te r i s t ic  of bo th  a g i v e n  el-ement a n d  i t s  chemi-cal  
fo rm.  

''able 1 surrlrriarizes t i l e  c u r r e n t  ESCA r e s u l t s .  P u r c  rub id ium 
h y d r o x i d e  (KbOH) and Rb20 were a n a l y z e d  a s  s t a n d a r d s .  Pyrex s a m p l e s  
exposcd  t o  Kb were a l s o  a n a l y z e d .  These py rex  samples  had a  y e l l o r  
brown d i s c o l o r a t i o n  a s  l o n g  a s  t h e y  were k e p t  i n  d r y  a t m o s p h e r e s .  
However, upon e x p o s u r e  L o  m o i s t  a i r  t h e y  became c o l o r l e s s  i n  a  m a t t e r  
of s e c o n d s .  The r a p i d i t y  of t h i s  d i s c o l o r a t i o n  i n d i c a t e s  Kb e x i s t s  
i n  a  c o l o r e d  form on a t h i n  s u r f a c e  l a y e r ,  p r o b a b l y  Less t h a n  0.1 u m  
t h i c k .  liowever, fro111 t h e  SIHS d a t a  it was s e e n  t h a t  most of  the lib 
h a s  d i f f  u sed  i n t o  t h e  glass Illany mic?rorne t e r s  . C o n s e q u e ~ l t l y ,  lib 
e x i s t s  i n  a t  l e a s t  two forins i n  p y r e x .  'IZic minor form i s  a c o l o r e d  
sur fac le  l a y e r ,  w h i l e  t i le  major form e x t e i l d i n g  niorc! d e e p l y  i n t o  t l lc  
g l a s s  i s  no t  s i g n i f i c a n t l y  c o l o r c d .  11le ESCil s t u d i e s  have  t h u s  f a r  
y i e l d e d  i n f o r m a t i o n  a b o u t  t h e  s u r f a r e  layer. P r i o r  t o  w a t e r  vapor 
c x p o s u r c  t h e  I b  i n  t h e  s u r f a c e  l a y e r  of  py rex  i s  s i m i l a r  i.n form t o  a  
r u b i d i u m  o x i d e  o r  p o s s i b l y  a rub id ium s i l i c a t e .  l iowever, on e x p o s u r e  
t o  m o i s t  a i r  i t  becomes RbOH. 

C u r r e n t  Ly, i t  a p p e a r s  t l le  I n t e r a c L i o n  mec:llanisrn betwccrl ttb and 
a g l a s s  s u r f a c e  i s  llot dependen t  on wtiether a plasma i s  p r c s e n t  o r  
n o t .  Froill t h i s  i t  may be i n i c r r c d  t h a t  v a r y i n g  t h e  r f  powcr i n t o  t h e  
plasma w i l l  no t  s i g n i f i c a n t l y  a f f e c t  t l lc n a t u r e  cjf t h e  Kb-glass  in-  
t e r a c t i o n .  This w i l l  be impor t a r l t  i f  i n c r e a s e d  rL powcr does  i n d e e d  
a c c e l e r a t e  t h e  i.rlterac:. t i o n .  F u r t h e r ,  t h e  n a t u r e  o f  t h e  d i f f u s i v e  
meclianis1~1 a p p a r e n t  i n  t h e s e  g l a s s  samples s i ~ o u l d  no t  be sigi1i.f  i c a n t l y  
a f f e c t e d  by t e i l l pe ra tu re  cl langes o v e r  s e v e r a l  hundred  d e g r e e s  
C e l s i u s .  C o n s e q u e r ~ t l y ,  terupera t u r e  s h o u l d  a l s o  be a r e a s o n a b l e  acce-  
l e r a t i o n  parari ieter  . A d d i t i o n a l .  exper i lner l t s  o n  d i f  f e r e t l t  g l a s s e s  
i n c l u d i n g  Corn ing  1720 a t  e l e v a t e d  f iempcratures  arid r f  powers a r e  
c r r c n t l y  urlderway t o  f u r t h e r  s u b s t a n t i a t e  t h e s e  s t a t e m e n t s .  



Table  I. ESCA R e s u l t s  

Rb ( 3 d g I 2  3d3/2)  
Binding Energy ( e V )  

Non-plasma Plasma 
Kb + Pyrex 110.7 110.5 
Rb + Pyrex ( A i r  Exposed) - 109.8 

The s t u d i e s  d e s c r i b e d  i n  t h i s  paper  r e p r e s e n t  a  s y s t e m a t i r  in-  
v e s t i g a t i o n  i n t o  the  f a i l u r e  merhanisrns of one p o r t i o n  of the Kb 
a tomi r  f r equenry  s t a n d a r d '  s p h y s i c s  package.  Tlle c u r r e n t  inves t ig i t -  
t i o n s  have r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of t he  pr imary lamp f a i l u r e  
merhanism a l o n g  w i t h  o b t a i n i n g  b a s e l i n e  Rb runsumpt ion d a t a  f o r  GPS 
type  lamps.  A d d i t i o n a l l y ,  i n s i g h t s  i n t o  t h e  merhanisrns of t h e  Rb 
ronsumpt ion p r o c e s s  have been g a i n e d .  These s t u d i e s  w i l l  no t  o n l y  
y i e l d  a n  a c c e l e r a t e d  l i f e  t e s t  f o r  t h e  GPS progranl but a l s o  a l l o w  
r e l i a b i l i t y  e s t i m a t e s  t o  be made f o r  Kb lamps.  We c o n s i d e r  the ru r -  
r e n t  i n v e s t i g a t i o n s  t o  be t h e  f i r s t  s t e p  i n  unders tand ing  t h e  f a i l u r e  
~nerhanisms o f ,  and o b t d i n i n g  r e l i a b i l i t y  e s t i m a t e s  f o r ,  t h e  e n t i r e  
p h y s i c s  package of t h e  f requency  s t a n d a r d  . 
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Figure l a .  Emission intensities of Rb 781)OA linc. ( 0 )  and the 
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F igure lb. Emission intensities for Rb 7 8 0 0 2  l ine  (0) 
and X e  8 2 3 2 2  (0) for a fa i led  R b  lamp as  a 
function of base  temperature  



F i g u r e  2 .  Theoretical calculations o f  R b  and i.li,ctron densi t ies  a s  
a function of r ad ia l  position in  a plasma disrharge f o r  a )  0 .  3 W / c m  
and b) 3. 0 W / c m  excitat ion powcr  
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Figure 7 .  Experimental SIMS data (m)  and fit curve (-) 
for  pyrex glass samples a) with discharge  
present and b )  without d i scharge  



OUESTIONS A N D  ANSWERS 

MR. JOHN VIG, U.S. Army 

I t  seems t o  me you have the  inverse problem t h a t  we have in the  
quartz c rys ta l  f i e l d .  We a r e  worried a b o u t  d i f fus ing a l k a l i  ions 
out  of the  quartz t o  make the  quartz more radia t ion  hardened. 

And the  proposal has been made t o  grow quartz -- normally i t  
i t  grown in  a  sodium hydroxide so lu t ion ,  b u t  the  proposal has been 
made t o  grow quartz in rubidium hydroxide in order t o  prevent the  
incorporat ion of the  a l k a l i  in to  the  quartz because apparently 
rubidium wi l l  n o t  go  in to  s ing le  c rys ta l  quartz.  

Has anybody considered the  p o s s i b i l i t y  of building lamps o u t  
of s ing le  c r y s t a l  quar tz?  

MR. V O L K :  

I  have heard i t  sa id  t h a t  i f  you prepare the  quartz c o r r e c t l y ,  they 
make much b e t t e r  absorption c e l l s  in lamps. However, in our work I 
have never seen t h a t ,  which may mean t h a t  I d o n ' t  prepare i t  cor-  
r e c t l y .  I t  has been my s o r t  of common experience t h a t  quartz i s  
a bad material around rubidium, I d o n ' t  k n o w .  

MR. VIG: 

Single c rys ta l  quar tz?  

MR. V O L K :  

I would have t o  check on t h a t .  Our techniques though would allow 
us t o  look a t  t h a t  r a the r  quickly.  

MR. VIG: 

I t  would be i n t e r e s t i n g .  

DR.  L U K E  MALEKI, J e t  Propulsion Laboratory 

Could you explain t o  me --  you had a couple of s l i d e s  showing the  
ESCA r e s u l t s  and a t  the  end the  plasma a n d  non-plasma condi t ions ,  
comparisons. I am n o t  so sure I understand, when you have the  
plasma condit ion,  how long do you run i t  and under what condi t ions ,  
a s  opposed t o  the  non-plasma condit ions? 

On the  time sca le  how i s  the  comparison made? 



MR. VOLK: 

Well, we r a n  t h e  non-plasma f o r  much longer .  I n  t h e  plasma 
i t  was r u n  f o r  a l i t t l e  over 300 hours and i n  t h e  non-plasma, 
j u s t  heat ing  w i t h  6300 hours. 

It takes a  l o t  longer ,  of course, t o  reac t ,  t h a t  was t h e  
whole p o i n t  o f  t h e  model, i s  t h a t  you b u i l d  up t h i s  d e n s i t y  w i t h  
t h e  plasma t a  v e r y  l a r g e  values. 

DR. MALEKI : 

Okay, maybe I can d iscuss t h a t  w i t h  you l a t e r .  

One o t h e r  t h ing ,  i n  view o f  t he  comment made on t h i s  s i n g l e  
c r y s t a l  qua r t z  and so f o r t h .  Have you looked i n t o  t h e  i o n  implan- 
t a t i o n  i n f l u e n c e  i n  t he re?  That i s ,  t h e  ions, i n  f a c t ,  because o f  
t h e  energy t h a t  they  have, would -- 

MR. VOLK: 

We d o n ' t  see any evidence o f  t h a t ,  o f  t h e  ions  penet ra t ing ,  no. 

DR. MALEKI: 

Okay, thank you. 

DR. MICHEL TETU, Lava1 Un ive rs i t y ,  Canada 

When t h e  temperature o f  t h e  lamp i s  changed the  usual observat ion 
i s  t h a t  t h e  lamp goes from a  r i n g  mode t o  a  p i n k  mode, which means 
t h a t  t h e  temperature i s  n o t  t o o  high, t h e  d e n s i t y  o f  t h e  rubid ium 
i s ,  a s  you mentioned, c l ose  t o  t he  w a l l  o f  t h e  bu lb  and you have 
t h e r e  a  model which seems t o  e x p l a i n  very  w e l l  t h e  atomic d i s t r i -  
bu t ion .  

Now, i f  t h e  temperature i s  s l i g h t l y  increased, t h e  l i g h t  seems 
t o  come f rom a l l  over  t he  bulb, which means t h a t  you have -- o r  we 
observe what we c a l l  t h e  p i n k  mode. 

Is t h e r e  any p o s s i b i l i t y  t o  e x p l a i n  t he  atomic d i s t r i b u t i o n  
w i t h  your  model? 

. 
MR. VOLK: 

Not a t  t h e  present,  we are  working on t h a t ,  Our model doesn ' t  
change modes, un fo r tuna te l y .  

MR. KUHNLE: 

Thank you ve ry  much. 




